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ABSTRACT
MICROGRID RELIABILITY EVALUATION BASED ON CONDITION-DEPENDENT
FAILURE MODELS OF POWER ELECTRONIC DEVICES
by
Qi Li

The University of Wisconsin-Milwaukee, 2018
Under the Supervision of Dr. Lingfeng Wang
Microgrid, a distributed energy system consisting of distributed energy and loads, aim
s to ensure reliable and affordable energy security in urban and rural communities. With
the growing global energy need and the emerging threat of climate change, green renewa
ble energy is becoming a new favorite in the field of power generation. Microgrids have rec
eived wide spread attention and application for their minimizing carbon dioxide and gree
nhouse gas emissions. Microgrids do so by maximizing clean local energy generation as
well as reducing the stress of the transmission and distribution system.
With the use of renewable energy, the reliability performance of microgrids becomes an
issue because many renewable energy sources are intermittent. As power electronics increasingly
serve as interfaces for renewable energy integration in microgrids, the reliable performance of
power electronics plays an important role in microgrid reliability. In recent years, although the
reliability of microgrid and power electronics has been studied, most of the research was limited
to the reliability evaluation on the long-term planning timescale. However, the operational
reliability evaluation considering power electronic influence was rarely studied.
Power electronic devices such as converters are important parts of the microgrid system. The
constant failure rate of converters has been widely used in power system planning. It has proved
to be useful for calculating long-term or medium-term average reliability indices. However,
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under different operating conditions, the average failure rate cannot fully represent the failure
rate of the component.

In this thesis, a converter real-time failure model in different micro-sources was built and
tested. These models were applied to an 11-node microgrid test system to calculate the operating
reliability indices under different situations. Then, the sensitivity analysis was carried out, and
the influence of various factors was evaluated.

The converter real-time failure model is built based on the power losses of power electronics
caused by the variation of the weather data (wind speed, ambient temperature, and illumination).
To calculate the availability for test systems, systems were simplified to several sub-systems
according to the power flow. By using the reliability block diagram (RBD) method and
combining with the real-time availability of the converter, each sub-system’s hourly availability
was calculated. In the simulation, the system availability considering the influence of power
electronics was calculated and a comparison was made with the system availability without
considering the influence of power electronics. To calculate operational reliability indices, a
short-term outage model was applied and varied cases were used to test the influencing factor.
The sensitivity analyses demonstrated the influence of seasons, wind turbine parameters and
meteorological conditions.

According to the simulation results, the reliability performance of the system can be more
accurately reflected by these condition-dependent models. The ambient temperature is the main
affecting factor for wind turbines and the illumination is the most important factor for
photovoltaic arrays. The availability of subsystems varies significantly due to the different
iii

operating environments. The studies also indicated that the number and type of micro-sources in
microgrid have great influence on the reliability indices of the overall system. The results of one
year's simulation illustrate that the reliability of the system has a certain seasonality. And it also
shows the dependence of operational reliability on factors such as wind turbine parameters,
system topology as well as local meteorological conditions.
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Chapter 1 Introduction

1.1 Research Background
As climate change arouses people’s attention, renewable energy sources (RES) are getting
more widely used in the entire energy system. In this respect, smart grid technologies have been
put forward to promote higher penetration of RES. Microgrids are the key components of the
smart grids. Microgrids allow a variety of distributed energy resources (DER), such as
distributed generation, especially renewable energy and energy storage system (ESSs). DERs are
integrated into the distribution system, so as to eliminate or delay the need for distribution
expansion [1].
A power grid accident in November 2006 caused a power failure in the European power grid.
It affected 10 million people in Germany, France, Belgium, Spain and Austria. The main reason
for this incident is the failure of the transmission system [2]. Because power system blackouts
cause a large series of serious consequences in commercial, military and daily life, researchers
are trying to improve the power grid resilience and design backup power systems which are able
to meet the demand of the customers well.
Microgrids are getting more and more attention from all over the world. They are more
reliable than traditional power grid, as they can function under natural disasters [3] because they
can operate in both grid-connected and islanded modes.

1.1.1 Micro-grid system and main components
In many respects, microgrids are regarded as smaller versions of the traditional power grids.
In literature [5], microgrids are configured as DC or AC grids which are connected to low or
1

medium voltage distribution networks. Like current electrical grids, they consist of power
generation, distribution, and controls such as voltage regulation and gear switching.

Below is a typical structure of microgrids which includes the integration of distributed
generation system, energy storage system, loads and control technology with utility grid [3]. This
creates an efficient and reliable microgrid system which can provide electricity even when the
main power grid fails.

Figure 1-1 Micro-grid infrastructure[4]

There are usually both conventional generation as well as renewable energy sources
integrated in microgrids, making an increase in efficiency and reductions in emission. Renewable
energy sources such as solar, wind power, small hydro, geothermal and waste-to-energy, provide
a closer proximity between power generation and power use. Conventional generation systems,
such as diesel or natural gas generators, are used when clean energy systems can’t meet the
power demand or are highly intermittent.

In microgrids, energy storage can be regarded as either load or generation depending on its
input and output power at the terminal. As an important part in microgrids, energy storage can
2

ensure power quality, including frequency and voltage regulation, smooth the output of
renewable energy sources, and provide backup power for the system. Energy storage can take
many forms, such as batteries, super capacitors and hybrid energy storage systems, including all
electric, pressure, gravity, flywheels, and heat storage technologies.

In microgrids, there are another important part called consumption. The consumption in
microgrids simply refers to components that consume electrical energy including single
equipment, lighting, building heating system, residential loads, commercial centers and so on.
The power generated by the generating unit is supplied to the consumption through the
transmission unit.

Both distributed generation systems and energy storage systems require power electronic
converters to connect to consumption or the utility grid. The figures below show the basic
configuration of the converter. Because the wind turbine generator produces AC power, it adopts
a typical three-phase back-to-back converter, as shown in Figure 1-2. For the PV arrays and
energy storage, a typical full bridge three-phase inverter is used because it produces DC power,
as Figure 1-3 shows.

Microgrid

Wind
turbine

Figure 1-2 Power electronic interface for the wind turbine
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Microgrid

Battery or
PV array

Figure 1-3 Power electronic interface for the battery or PV array

An specific illustration of each two-level converter is shown in Figure 1-4.

+

+
_

C1
A

+
_

B

C

C2

_
Figure 1-4 Illustration of the two-level converter

As shown above, each voltage source converter(VSC) includes 6 diodes and 6 IGBTs. For
the wind turbine generator, the converter connects to the inverter through a capacitor which helps
to limit the current. The filter on the AC side is used to reduce the harmonic content in the AC
side.

During normal or peak use, or when the main power grid fails, the microgrid can operate
independently and isolate the power generation nodes and the power load from interference
without affecting the larger grid. When the power grid failure or power failure occurs, the
microgrid can provide emergency power and can return the energy to the main power grid.
4

1.1.2 Reliability of micro-grid system
The wide application of the microgrid can bring many benefits to the power system, such as
power quality, reliability, and security for end users and operators of the power grid.

In recent years, many works have been done to evaluate the reliability of microgrids. In
reference [7]-[9], most early researches focused on the influence of microgrids on the reliability
of the distribution system. Since the feature of the structure, generation, and supply way is
different between microgrid and traditional power system to a great extent, the reliability
assessment of microgrids themselves gradually raise attention as well. In some references like
[10], microgrid reliability is studied by considering the effect of varying photovoltaic and
synchronous machine based distributed generation source type penetrations.

References [11],[12] and [13] not only consider the distribution generation in the evaluation
of reliability for microgrids, they also consider the energy storage device especially in islanded
modes where they can be treated as both generations and loads. In reference [14], a general
reliability evaluation method based on Monte Carlo simulation is proposed to assess the
reliability of both centralized Energy Management System (EMS) and distributed EMS in
islanded microgrid.

The failure rates of components as well as system reliability indices can be influenced by
varied operational states of generators, energy storages and protection systems in microgrids.
Based on this phenomenon, some progress has been made in reference [15] or it proposes a
short-term outage model under different operating states and environment conditions to evaluate
the operation reliability of microgrids. It is a relatively complete reliability assessment, but it
5

does not specify the effect of environmental conditions on reliability. In reference [16], the
microgrid operational reliability is calculated by discussing the quantitative effect of protection
system. However, it still not takes environmental conditions into consideration.

As more and more power electronics function as the interface of renewable energy
integration in microgrids, the reliability performance of power electronics plays an important
role in microgrid reliability. In recent years, there have been research on power electronics
reliability. Literature [17] provides a review of reliability evaluation of power electronics, and
reference [18] shows the extensive application of FIDES model in reliability assessment of
power electronic devices. Power electronics technology provides a compact and efficient
solution for power conversion, based on that, the reliability of the small wind power converter
system is evaluated in reference [19]. But the paper considers the relationship between power
loss and power electronics failure rates without considering the impact of the system’s operating
states. The power electronics reliability in reference [20]-[25] are evaluated by taking mission
profile into consideration. However, the effect of power electronic devices on microgrid
reliability evaluation was still not discussed much in previous research.

1.2 Reliability Evaluation model of power electronic systems
Reliability evaluation plays a crucial role in design and operation management of the
systems. Quantitative reliability evaluation of power electronic converters is necessary to
determine whether a particular design conforms to certain specifications [26]. All the models
involved in reliability analysis can be divided into two categories, which are at the component
level or at the system or subsystem level.

6

1.2.1 Component-Level Reliability Models
Component level is mainly for power electronic devices, such as power semiconductors,
capacitors, and magnetic devices [27-32]. Field experiences proves that electrolytic capacitors
and power switches, such as IGBTs and MOSFETs, are the most vulnerable components in
power circuits illustrated in reference [26].
Components reliability is analyzed by quantifying model variables based on empirical data
or failure physical analysis and calculating the corresponding reliability indices. The major
premise is that effective failure rate data can be easily obtained from field application or
laboratory test.
There are many empirical-based reliability models of electronic devices, but the military
manuals for the reliability prediction of electronic devices (Military-manuals-217) are well
known and widely accepted in both military and industrial applications[33]. However, the
reliability manual has some limitations[34]. One limitation is that the model in MIL-217 assumes
the failure rate of components is unchanged during its lifetime[35]. Constant failure rate is a
long-time average value. However, the average failure rates cannot represent the components’
failure probability under different operating and environment conditions. Another major
limitation is that the reliability results from these models are usually higher and lead to expensive
conservative designs.
Moreover, the failure rate models of some commonly used components such as IGBT is not
mentioned in the manual. Instead, the reference values of MOSFET are often chosen to analyze
the failure rate of IGBT.

1.2.2. System or Subsystem-Level Reliability Models for micro-grid Systems
The system-level reliability analysis is aimed at a device or working system consist of a
7

large number of devices. Several methodologies to quantify the reliability metrics of power
electronic converters have been introduced.

A. Reliability Block Diagram (RBD) Method
RBD represents the components or subsystems in block diagram form by considering the
function of each component or subsystem. It’s a kind of statistic model for it simplifies the
reliability modeling process because the order of fault occurrence does not affect the model and
result[3]. Therefore, RBDs are suitable for systems where the order of the failures does not
matter.

It is not difficult to construct, revise, and verify the RBDs based on the integration of the
system. In total, there are three kinds of structures: series structures, parallel structures and
k-out-of-n structures in RBDs.

A series connection is formed by one path from the “in” node to the “out” node while a
parallel connection is formed by multiple paths, and k-out –of –n is functioning if at least k of n
components are functioning or healthy. Figure 1-5 shows an RBD example of a simple system
with three components (A, B, and C), and multiple paths from the “in” point to the “out” point.

A

In

C

B
Figure 1-5 A simple RBD example[3]
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Out

In Figure 1-5, if λ

1 is

the failure rate of “A”, λ

2 is

the failure rate of “B”, and λ

3 is

the

failure rate of “C”, R(t) and MTTF of the diagram in Figure 1-5 become formulas (1.1) and (1.2).
In this paper, all the failure distributions are assumed to have exponential distributions.

R(t )  e(1 3 )t  e(2 3 )t  e (1 2 3 )t
M T T F

1
1
1


1  3 2 3 1 2 3

(1.1)
(1.2)

B. Fault tree analysis method
Fault tree analysis model is a reliability model that represents the logical relationship
between system failure and component failure through tree structure. Fault tree models usually
consist of top events, intermediate events and basic events. Through the tree model, we can find
out all the bottom events that cause the top event as far as possible. The fault tree analysis model
is composed of events and logic gates. Therefore, FTA can be used for qualitative analysis and
quantitative calculation. Figure 1-6 shows the fault tree with “AND” gates, “OR” gates, and
events of the diagram in Figure 1-5. “OR” gate indicates that any occurrence of any failure in the
lower layer will result in the occurrence of the top event, and the “AND” gate indicates that the
top event will not occur until all events at the lower level occur simultaneously. A and B are the
basic events, and the top event is represented by the letter T. The probability of the occurrence of
a top event can be expressed as:

P( T ) P( A

B)

(1.3)

The probability of calculating the fault tree analysis model is equivalent to the failure rate in
the reliability indices, and the subsequent quantitative evaluation method is consistent with the
9

RBD method, and the reliability and MTTF are obtained through the reliability indices
calculation formula.

Top Event

Intermidiate
Event

C

A

B

Basic
Event

Figure 1-6 A simple fault tree diagram example [3]

Fault tree analysis model can directly express the logical relationship between system fault
and component fault, and calculate the fault probability of the system as well. The fault tree
analysis model has the advantages of clear structure and simple solution, but it is a static model
which means it does not have the ability to analysis system with fault running state. The scope of
application is limited.

The RBD and FTA are both used as the static reliability analysis model. They two modeling
principles are similar to each other. The transformation can be easily got between them two and
the results of quantitative calculation are basically consistent. They both own the advantages of
fast modeling, clear structure, intuitive model and simple calculation, but are unable to express
the defects of the system with fault operation ability, so the scope of application of them are
basically the same.
10

C. Short-term outage model
A short-term outage model is used to calculate system short-term reliability indices in
microgrids. Three short-term reliability indices in microgrid system are defined as same as the
ones applied for distribution system, namely system average interruption frequency index
(SAIFI), system average interruption duration index (SAIDI), and energy not supplied index
(ENS) [16]
Their corresponding expressions can be described as follows:

(1.4)

(1.5)

(1.6)

in above formulas,

is the failure rate for load point i,

is the outage time for load point i.

is the number of customers that the i-th load point supplies,
calculate the reliability of the real time operation and

is the time interval to

is the load not supplied at i-th load point.

A short-term outage model can calculate the system average short-term outage time, average
failure rate and the outage time for each load. It establishes correspondence between the failure
rate of each micro-source with the outage time of each load point by system repair time matrix.

(1.7)
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(1.8)

(1.9)

(1.10)

where

are the failure rate of each micro-source which include both the failure rate

of the power electronics and the micro-source itself,

matrix is the repair time, and

is the

repair time at load point i.

1.3 Research Objective and Thesis Layout
The main goal of this thesis first is to calculate power electronic devices’ real-time failure rate
according to their operational states and environmental situation. And then evaluate the
microgrid system reliability by considering the real-time failure rates of power electronics. A
converter’s real-time failure model in wind turbine, solar system and energy storage system will
be built. For wind turbine converter real-time failure model, the effect of wind speeds operating
condition and ambient temperature is considered. For PV converter real-time failure model, the
effect of illumination as well as ambient temperature is taken into consideration. For energy
storage system’s converter real-time failure model, the input and output power at the terminal of
it are the crucial needed to be modified in the model. A case study is carried out, and microgrid
reliability indices considering power electronics is evaluated under different situation, illustrate
the performance of the proposed model and assessment approach. Then, the simulation results
are analyzed and some conclusion have been made. Finally, sensitivities analyses are made to
12

compare the real-time indices to constant indices, and other influences.
The paper is organized as following. Chapter 2 provides the model for calculating the failure
rates of power electronic devices considering the different operational states; Chapter 3 presents
the model for microgrid reliability evaluation considering power electronic devices based on a
case study, also make a contrast under different situation and a conclusion is drawn. And the
sensitivities analysis is proposed in chapter 4; The conclusions are presented and future work is
prospected in chapter 5.
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Chapter 2 Failure Rates of Power Electronics
2.1 Introduction
In reliability evaluation, two types of models are commonly used to evaluate the power
electronics failure rate. One is empirical-based reliability model which largely based on historical
data, another is physics-of-failure model. The current running microgrid system does not have
enough data to support the former one and it has the limitation of treating the failure rate as a
constant value. And the second one is more suitable for it can obtain reliability of power
electronics under different operational conditions by considering the different environmental
statements.

References [24] and [25] studies the effects of wind speed and tidal current velocity on the
reliability of power electronics. However, in previous researches, the assessment of power
electronic failure rates from the perspective of the microgrid system, taking into account the
different types of renewable generation and energy storage in the system has not been carried out.

In this study, the failure rates of the power electronic interfaces for solar and wind generators
and energy storages are evaluated, considering the real power flow from the system perspective,
as well as the influences of different meteorological conditions, like ambient temperature,
illumination and wind speed, at the same time.

2.2 Model Establishment
In this model, a converter real-time failure rate model considering the effect of
meteorological conditions is built. The reason is the output power is affected by varied
14

meteorological conditions and different output power of the renewable generators and charging
rate of energy storages causes different power loss on power electronic components, leading to
different temperature rise and finally causing the components fail.

The logic diagram of this model is shown below.

Meteorological factors
(wind speed, temperature, illumination)

Generation
(solar,wind)

Power loss
(switch, conduction)

Temperature rise
(IGBT,diodes)

Thermal Over-temperature
Thermal cycling

λ (hourly)
Figure 2-1 Real-time converter outage model

As shown in Figure 2-1, if we input the hourly meteorological data (ambient temperature,
illumination and wind speed) into this model we can calculate the real-time failure rate.

2.2.1 Output Power of Renewable Energy Resources
A. Wind turbine generators

15

The output power of WTG varies with the random variation of wind speed. First the
relationship between the wind speed and windfarm output is expressed as [36]

(2.1)

As shown above
output,

is the power output of the wind turbine,

is the wind speed,

and

is the wind turbine rated

are the cut-in and cut-out wind speed. It is not

difficult to find that when the wind speed exceeds the rated wind speed, the output power
remains constant. When the wind speed is below cut-in speed or exceeds cut-out speeds, the
wind turbine stops working.
B. photovoltaic arrays
For photovoltaic arrays, the output power is mainly affected by illumination and ambient
temperature. According to reference [15], the output power can be calculated as below:

(2.2)

as shown above
photovoltaic array,
temperature and

is output power of the photovoltaic array,
is the ambient temperature,
is the reference illumination.

C. Charging Control for the Energy Storage

16

is the rated output of the

is the illumination,

is the reference

In this study, the microgrid is operated in islanded mode, means that loads are supplied by
either the renewable energy sources or energy storage. The load point is restored in accordance
with its electrical distance with the micro source, and the algorithm in [15] is adopted. If the total
capacity is larger than the total load demands in the system, then the energy storage will be
charged. Assuming that the energy storage is large enough to store all remaining capacity.
Therefore, the input and output power of the energy storage terminal ( ) can be expressed as:

(2.3)

as shown above,
microsources,

is the output power of the i-th micro-source,
is the load at the j-th load point and

is the number of

is number of load points.

2.2.2. Calculating the Power Loss of Converter
As said in chapter 1, the voltage source converters(VSC) used in this paper includes 6 diodes
and 6 IGBTs. According to the operating characteristics of the VSC, the power loss of the VSC is
the power loss of each diode and IGBT in the VSC[Effect of Wind Speed on Wind Turbine
Power Converter Reliability]. The loss on each diode and IGBT can be expressed as
follows[37][39]:

(2.4)

(2.5)
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in which

and

are the voltage drops across the diode and IGBT;

are the conduction resistance of the diode and IGBT respectively;
switching loss on the diode,

and

is DC link voltage;
diode and IGBT;
IGBT;

and
is the rated

are the power losses of IGBT during the operation;
and

and

is the modulation index and

are the reference commutation voltage of
are the reference commutation current of diode and
is the angle between the voltage and current.

In formula (2.4) and (2.5), I is the peak value of phase current, which can be approximately
calculated by [37]

(2.6)

In which P is the output power of the micro-sources and U is the line-to-line voltage on
generation side or grid side.
Based on the power loss on each IGBT and diode, the total power losses of the converter can
be calculated by:

(2.7)

in which

is the number of IGBTs involved in the converter and

is the number of

diodes included in the converter. Then, the temperature rise in the converter can be calculated as
below [37]:

(2.8)
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where ambient temperature is expressed by

and thermal resistance from the heatsink of

the power electronic module to the ambient is expressed by

.

2.2.3. Calculating Failure Rates of Power Electronic Modules
Literature [19] illustrates that power electronic failures are mainly determined by two main
factors: thermal over-temperature and thermal cycling and it is evaluated with different phases
considered in a long-term. In my paper, I also consider the effect of these two factors on the
failure of converters.
But in this study, with the application of short-term model, the failure rate in each hour is
evaluated that only includes a single phase of operation. Therefore, the failure rate of power
electronics can be calculated shown as [18]:

(2.9)

where

is manufacturing factor reflecting the quality of the component,

factor that reflects the aging quality of the component during its life cycle,
reflecting its overstress ability,

and

is the
is the factor

are basic failure rates influenced by

mechanical/humidity and factors temperature/thermal cycling, respectively, and

,

,

,

are the basic failure rates related to temperature (temperature, thermal cycling, mechanical
factor and humidity).
Here,

and

are the thermal factor and thermal cycling factors which related to

temperature rise, respectively, and they can be expressed as follow:

19

(2.10)
(2.11)

in which

,

is the temperature variation in a phase and

is the

maximum temperature in a phase. Other details can be found in [18].

2.3 Model test
After building the real-time failure model, next step is to test the model to see if the model is
working well before putting the model into use. The main parameters for this model are shown in
below Table:
parameters

values

parameters

1.54V
0.84×

values
0.39J

Ω

690V

3000Hz

6

0.50J

6

0.57J

0.454°C/W

1100V

0.16

1700V

0.4

2400A

7.12

563.4V

0.359

690V

0.523

0.81V

0.9

1.5Ω

0.028

Table 2-1 Main parameters of the converter real-time failure model

First, the real 24-hour temperature and wind speed in summer in Milwaukee is used to test
the accuracy of this model, and they are shown below:
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Figure 2-2 Meteorological conditions during the day in summer Milwaukee

Figure 2-3 Real-time PV power output

Figure 2-4 Real-time wind power output
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As we can see from Figure 2-3, between 8:00 to 19:00, the PV power output reaches its
highest point at13:00 for the illumination gets its highest point at that time. And before 5:00 and
after 20:00, the output power of solar keeps zero as the illumination are zero during this period.
As we can see from Figure 2-4 between 8:00 to 19:00, the wind power output remains 1000KW,
because the wind speed reaches the rated speed.
Based on the real-time data, the operating failure rate for wind turbine can be calculated
below:

Figure 2-5 Real-time converter failure rate of PV

As shown above, the failure rate reached a minimum of 0 failure per year before 5:00 and
after 20:00 and reached the highest point 2.20 at 13:00.
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Figure 2-6 Real-time converter failure rate of wind turbine

As shown above, the failure rate of wind turbine reached a minimum of 3.25 failure per year
at 1:00 and reached the highest point 5.70 at 16:00.
In order to see the effect of operating environment specifically, we show the wind turbine
generator failure rate curve in comparison with the meteorological conditions:

Figure 2-7 The failure rate of wind converter and its influence factors

From the curves above we can find that, before 8:00, the failure rate curve has the same
pattern with wind speed while after 8:00, the failure rate curve is very similar to the ambient
temperature curve. We can find the reason from the model, the temperature rise which causes the
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failure consists of two parts, one is ambient temperature, another is power losses which is the
function of wind speed. In normal situation which the coefficient of power losses is larger than
that of ambient temperature, as a result, the wind speed affects the failure rate more than the
ambient temperature. However, after 8:00, when the wind speed exceeds the rated wind speed
the output power remains constant at the rated output, making the power losses of wind turbine
remains constant and didn’t affect the temperature rise any more.

Figure 2- 8 The failure rate of PV converter and its influence factors

The failure rate reaches its highest point as the illumination reaches its peak at 13:00, and it
is not difficult to find that the real-time failure rate curve has the same pattern with the
illumination curve, but is not exactly the same. Take the data at 6:00 and 7:00 as an example, the
failure rate rises rapidly while the illumination rises slowly for the sake of the ambient
temperature at 7:00 is larger than that at 6:00.

2.4 Conclusion and Future work
In this chapter real-time failure rate model for converters in micro-source are established and
tested. For this model, first the hourly micro-source output is calculated from the real-time wind
24

,

speed, illumination and ambient temperature. Then the total power losses of the power
electronics are calculated and the temperature rise over the converter are got as well, where the
temperature rise caused by the ambient temperature is also considered. Finally, the converter
real-time failure rate can be calculated.
To test this model, the local meteorological data are used and be compared with the
calculated failure rate. The result show that, with the real-time environmental conditions change,
the converter failure rate will produce the corresponding change as well. For the converter of
wind turbine, at the earlier time of a day, the effect of wind speed on the failure rate of the its
converter is significant while at the later time of the day when the wind speed reaches its rated
value, ambient temperature plays a more important role in the converter failure rate, as a result,
the outage is more likely to happen during the daytime because of the high temperature. For PV
converter, illumination is the most crucial part in the effect of converter failure and the outage
will happen during the daytime because of the illumination.
In general, this model can better reflect the impact of operating environment and operating
status on micro-sources failure rate.
Future work can be focused on the following aspects: considering the impact of extreme
weather and its duration on converter failure rate; considering more weather conditions for the
weather-dependent failure model; combining with climate forecast technology like wind speed,
illumination and temperature to study the failure rate prediction of the converter.
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Chapter 3 Case study
3.1 introduction
In this chapter a 11-node network microgrid system are studied under Matlab environment.
First, according to the physical system configuration and the parameters of each component in
the system, the power flow is conducted under “Power World” environment. Next, by using the
RBD method, topologies of the system are simplified to several sub-systems and their reliability
index are calculated, respectively. Then, a short-term model was applied to calculate the
reliability indices and some different cases are studied and the comparisons are made.
Before the case study, an indicator is illustrated which is called availability. For each
component, the availability can be calculated from the expression below:

(3.1)

In the formula above,

is availability,

represents mean time to failure and

represents mean time to repair. Availability can also be calculated through failure rate
repair rate

and

:

(3.2)

For the system or subsystem, the availability of energy is defined as the maximum energy
that can be transmitted.
The remainder of this chapter is organized in the following way. The RBD Method to
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calculate availability for the case system is presented in section 3.3. The short-term model for
the same case is adopted in section 3.4. The flow chart to evaluate the reliability of microgrid is
shown below:

Physical
system
configiration

Load
configiration

Power flow
analysis

Evaluate load
MTTF, Availability

Generate RBD

Real-time converter
outage model

Short-term
outage model

Evaluate
SAIFI,SAIDI,ENS

Figure 3-1 The flow chart to evaluate the reliability of Microgrid

3.2 Test system
a) Network: The network used in the case study has 11 nodes with 10 load points which are
also illustrated in [15], Figure 3.2 shows the one-line diagram of the system, which has two tie
lines, and feeder parameters are listed in Table 3-1.

LP6

l6

L7

LP5

l5

L6
PCC

3

1

L12

LP1

l7

2

L1

LP2

L2

l2

4

9
11

l10

L11

l9

LP9

L10

Fuse

L3

l3

LP3

L5

10

LP10

Breaker

Tie switch

LP8
l8

L8

8

l1

6

LP7 7

L9

5
l4

LP4

L4

Figure 3-2 The microgrid network used in simulation

No.

R(Ω/km)

X(Ω/km)

C(nF/km)
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L(km)

IN(A)

IS(A)

L1
L2
L3
L4
L5
L6
L7
L8
L9
L10
L11
L12

0.579
0.164
0.262
0.354
0.336
0.256
0.294
0.339
0.399
0.367
0.423
0.172

0.367
0.113
0.121
0.129
0.126
0.130
0.123
0.130
0.133
0.133
0.134
0.115

9.93
413
405
285
343
235
350
273
302
285
310
411

0.282
0.442
0.061
0.056
0.154
0.024
0.167
0.032
0.077
0.033
0.049
0.130

100
100
50
38
38
38
38
50
38
38
38
50

125
125
63
48
48
48
48
63
48
38
48
63

Table 3-1 parameters of main feeder

b) Customer and load data: The load at each load point and parameters of the transmission
lines are shown in Table 3-20 and is kept constant through 24 hours.

Node. NO.
1

Residential
Load value
Number of
/kVA
customers
50
7.50+j·1.55

Commercial
Load value
Number of
/kVA
customers
2
2.50+j·0.50

2

—

—

—

—

3

2.76+j·0.69

50

2

4

4.32+j·1.08

50

2.24+j·1.39
—

—

5

7.25+j·1.82

50

—

—

6

5.50+j·1.38
—

50

—

—

—

2

50

—

9

5.88+j·1.47
—

0.77+j·0.48
—

—

5.74+ j·3.56

2

10

4.77+j·1.20

50

2

11

3.31+j·0.83

50

0.68+j·0.42
—

7
8

—

Table 3-2 Load parameters

c) The load curve of the microgrid system is produced by using the data in Table 3-1 as a
reference value of the peak values. And I also make use of the load curve pattern in reference [44].
The load curves at all the load points of the system are shown in Figure 3-3.
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Figure 3-3 24-hour load curve in the network

d) Micro-sources: Three types of micro sources with total capacity of 19.65 MW are
deployed in the system, as described in Table 3-2. There are three PV arrays, one wind turbine
generator and one energy storage, each with a power electronic interface and a breaker, in this
network.
Because of the volatile and intermittent renewable generation, the power electronics failure rate
varies all the time. Since this paper aims at studying how the changes of power electronics
failure rate can affect the microgrid reliability, the failure rates of wind turbine, PV arrays and
battery are selected according to references [45][46][47] and keep constant during the period we
study, specifically, the failure rate of the wind turbine is chosen as 2.5 f/yr, the failure rate of PV
arrays 5 f/yr, and the failure rate of the battery 2 f/yr. For breakers, the failure rate of breakers
only includes that caused by malfunction so that it is chosen as 8 f/yr in reference [15], all the
information of micro-sources are shown in Table 3-3.

Microsource
No.

Type of Microsource
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Grate / kW

λ(f/yr)

3

Photovoltaic

7750

5

5

Photovoltaic

3500

5

6

Wind turbine generator

1000

2.5

8

Energy Storage

800

2

10

Photovoltaic

6600

5

Table 3-3 Location, capacity and reliability data of micro sources

3.3 RBD Method
In this case, based on the parameters of the test network, first of all, the power flow for the
system was acquired by using the software “Power World”, which is given below:

Figure 3-4 The network and its power flow

Combining with power flow analysis, we can draw load configuration for each load,
according to different load configuration, this system can be simplified to five sub-systems and
figure below. Here, λ

c1,

λ

c2,

λ

c3,

λ

c4,

λ
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c5

are the failure rates of power electronic

converters of three PV arrays, one wind turbine and one battery. λ

Br is

the failure rate of the

breaker.

For subsystem 1 which includes load 1,3,4:

Load
Breaker

DC/AC

PV panel

Figure 3-5 Micro-grid diagram for supporting load1,3,4

RBD of subsystem 1:

OUT

IN
Figure 3-6 RBD of the micro-grid to support load1,3,4

For subsystem 2 which includes load 5:

PV panel

DC/AC

Breaker

PV panel

DC/AC

Breaker

Load

Wind turbine

AC/DC

Capacitor

DC/AC

Breaker

Figure 3-7 Micro-grid diagram for supporting load 5

RBD of subsystem 2:
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OUT

IN

Figure 3-8 RBD of the micro-grid to support load 5

For subsystem 3 which includes load 6:

Load
Wind turbine

AC/DC

Capacitor

DC/AC

Figure 3-9 Micro-grid diagram for supporting load 6

RBD of subsystem 3:

OUT

IN
Figure 3-10 RBD of the micro-grid to support load 6

For subsystem 4 which includes load 7,8,9:

PV panel

DC/AC

Breaker

Battery

DC/AC

Breaker

Figure 3-11 Micro-grid diagram for supporting load 7,8,9

RBD of subsystem 4:
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Load

IN

OUT

Figure 3-12 RBD of the micro-grid to support load 7,8,9

For subsystem 5 which includes load 10,11,12:

PV panel

DC/AC

Breaker

PV panel

DC/AC

Breaker

Battery

DC/AC

Breaker

Load

Figure 3-13 Micro-grid diagram for supporting load 10,11,12

RBD of subsystem 5:

OUT

IN

Figure 3-14 RBD of the micro-grid to support load 10,11,12

Next, the energy availability for this microgrid system is calculated. The 24-hour wind speed,
ambient temperature and illumination for Milwaukee in 2011 were used and given below: For
LPi(i=1,2,…N)
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Figure 3-15 Meteorological conditions during the day in summer Milwaukee

The curve above is the wind speed, ambient temperature and illumination. We can find that
the peak of the wind speed and illumination are both at 13:00 and the peak of the ambient
temperature is at 16:00.
The real-time availability for the wind turbine converters is calculated below:

Figure 3-16 Availability for wind turbine converter

The real-time availability for the PV converters is calculated below:
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Figure 3-17 Availability for PV converter

The real-time availability for the ES converters is calculated below:

Figure 3-18 Availability for ES converter

From the curves above we can find that, the availability of converter almost has the opposite
trend with the failure rate curve of it. For the wind turbine converter, it reaches its lowest point at
16:00 due to the highest failure rate at that time. For the PV converter, it reaches its lowest point
at 13:00 also due to the highest failure rate because of the high illumination. For the ES converter
which reaches its lowest point at 1:00 due to the highest failure rate at that time.
By using the concept of RBDs, the MTTFs of the five subsystems in Figure 3-5 to Figure
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3-14 are calculated in (3.3)-(3.7), where λ 1, λ 2, λ

3

are the lumped failure rate for three PV

arrays subsystems with PV, DC/AC, and breaker, respectively. λ

4

is the failure rate for the

wind turbine subsystem with wind turbine, AC/DC, DC/AC, and breaker, and λ

5 is

the lumped

failure rate of the energy storage system. Since the structure of the PV, Wind and ES subsystems
are all in series, their lumped failure rate are the sum of power electronic converters, breakers
and sources itself.
Therefore, the mean time to failure of the sub-systems above are computed below:
1
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1

2



5

1
1 2

5

(3.7)

Then, for the five subsystem, the real-time availability for the five subsystem converters is
calculated below:
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Figure 3-19 The load avaibility for different subsystems with the effect of power electronics

From the curves above we can find that, the five lines except the black one have the same
trend, and both reach their lowest point at 13:00. This is because of the high illumination at that
time. The black one reaches its lowest point at 16:00 because of the high temperature at that
time.
In addition, the availability sequence is acquired by the curve above, which is:

subsystem2  subsystem5  subsystem4  subsystem1  subsystem3

It’s not difficult to find that in microgrid, the more micro-sources the subsystem has, the
higher availability they are.
In order to observe the impact of power electronics, the five subsystem availability indices
are calculated again only considering the failure rate of the wind turbine, PV arrays and the
battery, and the indices are shown below：
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Figure 3-20 The load availability for different subsystems without the effect of power electronics

In Figure 3-19 and Figure 3-20, it can be seen that in the two cases, results of each
availability are different. Without consideration of power electronics, the availability indices
didn’t fluctuate at all. Moreover, the availability order among the five sub-system also change.
Although it still shows that sub-system with more micro-sources has higher availability, for the
sub-system with the equal number of micro-sources, the results largely depend on the effect of
power electronics. Take subsystem1 and subsystem3 for example, the availability for subsystem1
is higher than that of subsystem3 when the failure rates of power electronics are considered,
because when the power electronics are considered, the total failure rate of subsystem1 is lower
thus the MTTF is larger, making the availability of subsystem1 larger than subsystem3.
From the analysis above, it can be seen that availability are largely influenced by power
electronics which is a nonnegligible factor that should be considered.

3.4 The short-term model
In this paper, considering the failure rates of power electronics which are obtained in
previous work, the reliability of the whole microgrid can be evaluated. Since the failure rates of
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power electronics change all the time due to the intermittent output of micro-sources, we use
operational reliability indices that can reflect the influence of power electronics in different
operational phases clearly.
Before we apply the short-term outage model, the definition of electrical distance should be
made first. Electrical distance is the priority rule used to determine the load recovery sequence:
try to restore the significant load points in the short electrical distance of the standby power
source first. The electrical distance Z ij is defined as the accumulated value of series impedances
of the feeders between LPi and standby power source G j [35]:

Zij   ( Rl  jX l )

(1.4)

l

where Rl and X l are the resistance and reactance of feeder l ;  is the set of the feeders
between LPi and G j .
A short-term outage model is used to calculate system short-term reliability indices in
microgrids, specifically, it establishes correspondence between the failure rate of each
micro-source with the outage time of each load point by system repair time matrix. And the
system repair time matrix is determined according to the available capacity, load demand and
electrical distance. Detailed steps are given as follows:
Step 1) Determine the available capacity of G j during t .
Step 2) According to the electrical distance Z ij , the node impedance matrix and load
recovery sequence of the system for each G j are generated. For load points with the same Z ij ,
the important one is recovered with higher priority.
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Step 3) If G j  0 , go to step 5; otherwise, go to step 4.
Step4) If G j  0 ,
For

the

load

with

higher

priority,

if

G j  load _ real  load _ t

,

then

loaa _ t  load _ real ,and G j  G j  (load _ real  load _ t ) . Where load_real is the ideal value
of the load, while load_t is the intermediate calculated values of the load at time t. Otherwise,
loaa _ t  load _ t  G j and G j  0 .

For the load with low priority, the load has nothing to do with generation, all power
generation is stored in the energy storage system, Ee  Ee  G j ,and G j  0 .
Step 5) If Ee  0 , for the load with high priority, if Ee  load _ real  load _ t ,then

loaa _ t  load _ real ,and Ee  Ee  (load _ real  load _ t ) . Where load_real is the ideal value
of the load, while load_t is the intermediate calculated values of the load at time t. Otherwise,

loaa _ t  load _ t  Ee and Ee  0 .
Step 6) i =i +1 , or move to the next load point in the sequence of G j ,and then go to step 3.
Step 7) If j  NG ,( N G is the number of standby power sources), then j=j+1 , i  1 ,and then go
to step3; otherwise, end the process.
Through the approach above, the load recovery sequence as well as the repair time matrix
can be obtained.
Then, I use the short-term model in reference [14] to calculate the test system’s average
short-term outage time, average failure rate and outage time. The model can be expressed in
following formulas:
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(3.8)

(3.9)

(3.10)

(3.11)

And the short-term reliability indices are described as follows by using the parameters
obtained above:

(3.12)

(3.13)

(3.14)

The evaluation procedure is given in the following flowchart:
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Initialize and collect meteorological data
E(t) V(t) S(t)

Calculate microsource output
GS GW

Enumerate a failure event (e=1,2...M)
For LPi(i=1,2,

N)

A heuristic sequence for load recovery

Failure rate of each microsource

No impact?

Yes

rij=0

No

λ

rij=rij(initial)

Calculate U,λLP,r based on equation (3.8)-(3.11)

Evaluate reliability indices according to equation
(3.12)-(3.14)
Figure 3-21 Flowchart of the evaluation procedure

Following cases are studied to consider the effects of power electronics, micro-sources’
number and type on the reliability of microgrid.

Effect of power electronics

Micro-sources included

Case1

Yes

3 PVs+wind trubine

Case2

No

3 PVs+wind trubine
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Case3

Yes

3 PVs

Case4

Yes

3 PVs+ PVs

Table 3-4 Four cases under different conditions

Case 1 and Case 2 comparison result:

Figure 3-22 Microgrid reliability indices of case 1 and case 2

Figur
e 3-23 Microgrid reliability indices of case 1 and case 3
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Figur
e
3-24
Micr
ogrid
reliab
ility
indic
es of
case
1 and
case
4

Co
mp
aris
on of system reliability indices:

Reliability

SAIFI(int/cus-hour) SAIDI(hr/cus-hour)

ENS(kWh/hour)

indices
Case 1

11.3479

41.6513

1.0963

Case 2

7.2530

27.7158

1.0874

Case 3

5.6032

22.7665

2.8420

Case 4

7.3489

28.7240

2.6054

Table 3-5 Comparison of system reliability indices

1) In case 1, SAIFI and SAIDI reach their lowest point at 13:00, this is because total
available capacity at that time is highest of the whole day. Meanwhile, total failure rate of each
micro-source is another important factor for SAIFI and SAIDI, verified from the case 3 and case
4. For example, between t=9:00 to t=15:00, because the PV converver’s failure rate are in a high
level and the total capacity of generatonrs in case 3and case 4 reduce as well, resulting in a rise
of SAIFI and SAIDI campare with case 1.
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2) Compare between case 1 and case 2, although the values of ENS do not change
significantly, there is a noticeable change in SAIDI and SAIFI values which are larger when the
failure rates of power electronics are taken into account, this is because under the consideration
of power electronics, the total failure rate of each micro source is larger and the outage time for
each load is larger, so that SAIFI and SAIDI are larger. The comparison between case 1 and case
2 indicates that power electronics have a significant impact on the microgrid operational
reliability indices, especially SAIFI and SAIDI. In other words, if they are not taken into account,
the reliability estimate will be more conservative.
3) The number of micro-sources have a positive effect on the average loss of load(ENS)
which can be verified by comparing case 1 with case 3, or also the different between case 3 and
case4. This is because the generation capacity which is the determining factor of ENS are larger
with more micro-sources; On the other side, more micro-sources represent larger component
failure rates, result in rising in SAIFI and SAIDI.
4) Compared with case 1, case 4 changes the micro-source type at No. 6 bus from a wind
turbine generator to a photovoltaic array. SAIFI and SAIDI reduce due to the failure rate of PV
converter are less than WTG converter , and ENS rises，because the capacity of WTG are larger
and more stable than PV, resulting in Energy Not Supply are lower than that of PV. In other
words, the types of micro-sources should be elaborately designed according to the needs of the
system while planning the microgrid system.
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Chapter 4 Sensitivity Analysis
4.1 The effect of wind turbine parameter setting
The parameter setting of the wind turbine, such as cut-in speed, cut-out speed and rated
speed plays an important role in not only the wind generation but also the reliability of the
components. In this section the influence of them are studied.
First, based on the 24-hour wind speed we used in the previous, the average hourly wind
generation are calculated under the situation of different cut-in wind speed.

Figure 4-1 Average hourly wind generation

As we can see above, with the cut-in speed increase, the hourly generation capability of
wind turbine will produce corresponding reduce. The availability of the converter is also
calculated as well:
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Figure 4-2 Converter failure rate

It can be concluded from above figure that the real-time failure rate for the converter is
affected by the cut-in speed. Specifically, when the wind speed is low, the influence is notable
while the wind speed reaches the rated speed there is no influence.

Similarly, the average hourly wind generation under different rated wind speed were
calculated again as below:

Figure 4-3 Average hourly wind generation
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As we can see above, with the rated speed increase, the hourly generation capability of wind
turbine drops by a large margin. The availability of the converter was also calculated again:

Figure 4-4 Converter failure rate

As shown above, the real-time failure rate of the converter changes as the rated speed
changes. Specifically, when the wind speed is lower than rated wind speed, the effect is
significant, however, when the wind speed is larger than the maximum rated wind speed after
10:00 there is no effect.

4.2 Yearly calculation and seasonal characteristics
In order to do this analysis, the meteorological data including wind speed, ambient
temperature and illumination in each hour during 2010 in Milwaukee is used.
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Figure 4-5 Wind speed in Milwaukee, 2010

Figure 4-6 Ambient temperature in Milwaukee, 2010

Figure 4-7 Illumination in Milwaukee, 2010
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As we can see above, all the meteorological data have a specific seasonal character. To be
more specific, in summer and autumn, the ambient temperature and illumination value are
relatively high, and relatively lower in the other seasons. Wind speed just has the opposite
situation. Besides, it is not difficult to find that wind speed fluctuations are stronger during
summer and autumn.
Next, the whole year wind turbine capacities as well as the real-time failure rate for the
converter are calculated.

Figure 4-8 Hourly wind generation

Figure 4-9 Hourly converter failure rate for wind turbine
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As is shown in Figure 4-8, the lowest point for the wind generation is between 3000 hour to
6000 hour. The reason is the wind speed is low during summer and autumn. The hourly
converter failure rate curve has the same pattern with that of ambient temperature. In addition, it
reflects the intense fluctuation of the wind speed during summer and autumn as well.
In the same way, the annual PV array capacity and the real-time fault rate of the converter are
calculated.

Figure 4-10 Hourly PV generation

Figure 4-11 Hourly converter failure rate for PV arrays

As we can see above, the highest point for the PV generation is between 4000 hour to 5000
hour as a result of the high illumination in summer. The trend of the hourly converter failure rate
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curve is similar to that of the illumination curve. It reflects that the failure rate is high in summer
and low as well as smooth in the rest three seasons.
Then the yearly real-time reliability indices for the test microgrid system are calculated below:

Figure 4-12 Hourly reliability indices for system

As we can see above, the indices of reliability for the teat system are also seasonal. In
summer, the system average interruption frequency and duration are significantly higher than
that of the other seasons. This is because the high failure rate of converter during summer. For
energy not supply(ENS), the curve reveals that the ENS is larger in summer, at the meantime, as
the micro-sources supply plentifully, the probability of ENS with a value of 0 is much higher
than it is in the other seasons.

4.3 The effect of meteorological condition
The meteorological data given in Figure 4-5 to Figure 4-7 are collected in Milwaukee
(Northern US). If this microgrid is located in Miami (Southern US), reliability indices(SAIFI)
are compared in Figure 4-13. The following conclusions could be easily drawn from this
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comparative study:
1) We can't expect the same reliability even if in the identical microgrid as well as load
demands. This is because the operation of the microgrid is also related to the
meteorological conditions at its location.
2) The same level of reliability cannot be expected all the year around. As shown in Figure
4-13, this microgrid system has the highest reliability in December.
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Figure 4-13 Monthly indices of SAIFI

As we can see above, in the comparison case of Milwaukee and Miami, the reliability
indices are better in Milwaukee than that in Miami, indicates that we should establish and
develop more microgrids in Milwaukee rather than in Miami.
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Chapter 5 Conclusion
This thesis studies the operating reliability considered power electronics for the microgrid
system. And calculates the reliability indices for a 11-node test system as well.

Firstly, failure rates of power electronics in micro-sources are evaluated by building and
testing the real-time failure model which considers the operational conditions and control
strategy of the microgrid. The results show that, with the real-time meteorological
conditions(wind speed, temperature, illumination)change, the converter for micro-sources failure
rate will produce the corresponding change. Specifically, both wind speed and ambient
temperature have effect on the failure rate of the wind turbine converter. In the stable operating
environment, effect of ambient temperature is very significant and the outage is more likely to
happen during the daytime for the sake of the high temperature. For PV converter, in the normal
condition, illumination is the most crucial part in the effect of converter failure and the outage
will happen during the daytime because of the illumination.

Then, a case study is carried out. First, the 11-nodes microgrid systems are simplified by
using the reliability block diagram (RBD) method. And the energy availability are calculated for
every sub-system considering the influence of power electronics. The results show that, the
availability for each system vary evidently with different operating and environment conditions.
Besides, the ambient temperature and the wind speed are the main factors. Then, a short-term
outage model is established to calculate SAIFI, SAIDI and ENS of the system under different
cases. the result indicates that power electronics have a significant effect on the reliability indices,
especially SAIFI and SAIDI. Besides, both the number and type of micro-sources have important
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effect on the reliability indices. In a word, the reliability of microgrid system depends on the
available generation capacity, load requirements and the failure rate of the components as well in
the system.

Lastly, the sensitivity analyses study relating to the influence of season, wind turbine
parameters, and meteorological condition are carried out. The results show that, the seasonal
characteristic is significant, and the failure rate is largely affected by the temperature while the
wind speed also has its influences. The lowest system energy availability is in the hottest time in
the year. Even for microgrids with the identical network and load demands, reliability indices are
not the same because that the operation of microgrid is also related to the meteorological
condition at its location. To improve the system reliability, we can adjust the wind turbine
parameters.

Future work can be focused on the following aspects:


Considering more weather condition in components’ failure model, and studying the impact
of extreme weather and its duration on components’ real-time failure and on system
reliability;



Building real-time failure rate model for other components in microgrid system, such as
switchyard, control system, transmission line and others.



Integrating climate forecast technology like wind speed, illumination and temperature to the
failure rate prediction of the converter and system.



Calculating the availability of the whole system and analyzing the contribution of each
component to the system reliability;



Conduct more case studies such as a practical system which has more nodes, larger capacity
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and loads, as well as including conventional generation systems such as diesel or natural gas
generators which are used to keep the system stable when clean energy are highly
intermittent.


Performing economic analysis when discuss the number and type of micro-source effect;
considering the investment and the maintenance to choose the optimal scheme.



Calculating the system reliability for more systems with different topologies; and
considering the connection to the utility and calculating reliability indices in connected
modes.
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